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The origin of ultrahigh piezoelectricity in the relaxor ferroelectric PbZni/3Nb2/303-PbTi03 was 
studied with an electric field applied along the 001 direction. The zero-field rhombohedral R phase 
starts to follow the direct polarization path to tetragonal symmetry via an intermediate monoclinic 
M phase, but then jumps irreversibly to an alternate path involving a different type of monoclinic 
distortion. Details of the structure and domain configuration of this novel phase are described. This 
result suggests that there is a nearby R-M phase boundary as found in the Pb(Ti,Zr)03 system. 



Recently two important advances have been made in 
searching for the origin of high piezo response in the per- 
ovskite oxides. One is a theoretical consideration m^ of 
the polarization rotation path under an electric field, em- 
phasized by Fu and Cohen R]. The second is the exper- 
imental discovery of a monoclinic phase in Pb(Zr,Ti)03 
P,p| close to a " morphotropic" phase boundary (MPB) , a 
nearly vertical line between the rhombohedral and tetrag- 
onal phases. In this paper we demonstrate that these two 
seemingly disparate aspects are closely connected. 

Solid solutions of Pb(Zni/3Nb2/3)03 containing a few 
percent of PbTi03 (PZN-xPT) are relaxor ferroelectrics 
with ultrahigh piezoelectric responses an order of mag- 
nitude larger than those of conventional piezoelectric ce- 
ramics y-|^. They have a cubic perovskite-type struc- 
ture at high temperatures, but undergo a diffuse ferro- 
electric phase transition at lower temperatures [p|. Ma- 
terials in the ferroelectric region have structures with ei- 
ther rhombohedral or tetragonal symmetry, separated by 
a "morphotropic" phase boundary (MPB) at x~ 10%, 
similar to that of the well-known piezoelectric system 
PbZri_:rTi:r03 (PZT) §. Extraordinarily high levels of 
electromechanical coupling and strain have been reported 
by Park and Shrout m in rhombohedral crystals that are 
poled along [001], despite the fact that the polar axis lies 
along [111] 0,0. 

A typical strain-field loop for the rhombohedral com- 
position PZN-8%PT (close to the MPB) with an electric 
field applied along [001] is plotted in Fig. 1 (top), af- 
ter Durbin et al. mW. For this poling configuration, the 
strain behaves linearly below a certain threshold field, 
which is smaller for compositions closer to the MPB 
[p|,Eol. This feature, together with the high strain levels 
obtained, makes these materials very promising for actu- 
ator applications. Above the threshold field, the strain 
shows a sharp jump, non-linear behavior and hysteresis. 
X-ray diffraction experiments performed on PZN-8%PT 
crystals under an applied electric field |lj] have shown 
that the lattice parameter vs. field loop exactly reflects 
the strain behavior, confirming that the high macroscopic 
strain levels observed are due to the microscopic strain 
of the crystal lattice. The jump observed at the thresh- 



old field was attributed to a structural phase transition 
between the rhombohedral and the tetragonal phases. 
Very recently, it has been also reported that the high- 
field tetragonal phase changes, after removal of the field, 
into a mixture of a dominant monoclinic phase with a 
remnant tetragonal phase [p2| . 
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FIG. 1. Tog: Strain-field loop for PZN-8%PT (after 
Durbin et al. |lll|). Bottom: Scheme of the two possible paths 
(R-T and R-O-T) for the polarization direction to change from 
[111] in the rhombohedral (R) phase to [001] in the tetragonal 
(T) phase as proposed by Fu and Cohen |lj . The thickest lines 
represent the path followed by the polarization in PZN-8%PT 
under the application of the electric field, as demonstrated by 
the present work. The solid arrows illustrate the orientation 
of the polarization in a particular domain with and without 
an electric field. 

Our current study with high energy x-rays of 67 keV 
gives a very different picture. We show that the rhom- 



bohedral phase in the unpoled sample transforms into a 
purely monoclinic phase by the application of an electric 
field along the [001] direction which, surprisingly, remains 
monoclinic after the field is removed. This monoclinic 
phase, in which bm is directed along the pseudo-cubic 
[010] axis, is not the same as that observed in PZT, in 
which bm lies along pseudocubic [110] M. The monoclinic 
phase in PZT represents the a-g-f-c path (see Fig. 1 bot- 
tom) proposed by Fu and Cohen M for the polarization 
to rotate between the rhombohcdral and the tetragonal 
phases, while the monoclinic PZN-8%PT phase repre- 
sents the rotation path along a-c-d-e. 

Four crystals with composition 92%PbZni/3Nb2/3 03 
-8%PbTi03 (PZN-8%PT), grown by the high tempera- 
ture flux technique i8|,|l6[], were kindly provided by the 



authors of Refs. 1 1 1 Il2 ] . The crystals were oriented using 
a Laue back-reflection camera as described previously [g| , 
and cut into 2x2x2 mm"^ cubes with their faces perpen- 
dicularto the (100) directions. 
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FIG. 2. Evolution of the lattice parameters, am,bm and c,„, 
of PZN-8%PT with electric field 

Synchrotron x-ray diffraction measurements were ini- 
tially performed at beamline X7A, at the National Syn- 
chrotron Light Source (NSLS), with x-rays of about 18 
keV from a Si(lll) double-crystal monochromator. Due 
to the high lead content, the samples are quite opaque at 
these energies, with a penetration depth of only about 
1 /Ltm, at the typical scattering angles used, and the 
measurements are therefore sensitive to inhomogeneous 
piezoelectric strains close to the surface (skin effect). In 
order to avoid this effect, high energy x-ray experiments 
were perfomed at 67 keV at the superconducting- Wiggler 
beamline XI 7B at the NSLS. 

The 67 keV x-rays were obtained with a Si (220) Laue- 
Bragg monochromator and the measurements were made 
on a four-circle Huber diffractometer equipped with a 



Si(220) analyzer, with an electric field applied to the crys- 
tal in situ. For this purpose thin wires were attached to 
the sample electrodes using a small drop of conducting 
epoxy, and a silicon grease with a high dielectrical break- 
down was used to prevent arcing. 

As-grown crystals of the composition under study are 
rhombohcdral [p|a](see Table I). However, when an elec- 
tric field above a certain value is applied, the crystal sym- 
metry changes and the rhombohcdral phase can be recov- 
ered only either by annealing above the Curie tempera- 
ture or by crushing the crystal. The initial rhombohc- 
dral state and the phase transition(s) undergone during 
the first field cycle are currently under investigation by 
Ohwada [||. 

Once the rhombohcdral phase is irreversibly trans- 
formed into the monoclinic one, the monoclinic lattice 
shows reversible changes as a function of the electric 
field, as shown in Fig. 2 (see also Table I). The mon- 
oclinic angle, (3 — 90.15°, and the monoclinic axis, bm, 
are field independent in the studied range between and 
20 kV/cm. Cm increases with the electric field and shows 
a jump around 15 kV/cm and hysteresis, in agreement 
with Durbin et al. |1J] , while am decreases as the field is 
increased and approaches the Cm value in the E=0 limit 

The domain configuration observed in this experiment 
is illustrated in the representations of the reciprocal space 
shown in Fig. 3. [|lq|. Usually monoclinic symmetry leads 
to a very complicated domain configuration. However, 
once the field is applied, a much simpler situation pre- 
veals. The c-axis is now fixed along the field direction. 
As shown in the representation of the HKO plane in Fig. 
3a, there are only two b domains related by a 90° rota- 
tion about the c-axis. Each of these b domains contains 
two a domains in which «„ forms angles of either f3 or 
180° — /? respectively with c^ (see Fig. 3b). The polar- 
ization vectors in each of the four domains, which rotate 
under the electric field within the ac plane, form iden- 
tical angles with the [001] direction. It is evident from 
Fig. 3a that the domain twinning confers upon the lat- 
tice a pseudo-tetragonal symmetry, which might account 
for the previous assignment of tetragonal symmetry to 
this phase based on optical measurements |16| . 

TABLE I. Lattice parameters, unit cell volume and sym- 
metry of PZN-8%PT as-grown, under a high field of 20 
kV/cm, and after the field is removed. S denotes the crys- 
tal symmetry. 

a (A) b (A) c (A) a IP (°) V (A^) S 

As-grown, E=0* 4.053 4.053 4.053 89.90 66.58 R 

E=20kV/cmS 4.047 4.029 4.086 90.16 66.62 M 

After field, E=0*^ 4.061 4.030 4.061 90.15 66.46 M 

*From powder diffraction. ^ From single crystal diffraction. 



Some examples of the x-ray peak profiles are shown in 
Fig. 4. The longitudinal scans over the (002) reflection 
at kV/cm and at 20 kV/cm shown in the upper left 
of the figure illustrate the drastic change of the c-axis 
with the electric field (L= 2 corresponds to the Cm — am 
value at E= 0). The very narrow mosaic at high fields is 
apparent in the upper-right of the figure, which shows a 
transverse scan (L scan) over the (0 2 0) Bragg peak at 
E= 20 kV/cm (K= 2 corresponds to the Cm — a-m value 
at E= so K= 2.015 means 6,„/a„,. = 2/2.015). The 
lower part of the figure is a contour map of the HOL zone 
around (200) after removal of the field, which shows the b 
domain containing the two a domains illustrated in Fig. 
3a. and 3b. The symmetric splitting along the transverse 
direction (L scan), corresponds to the twin angle between 
the a domains, so the L coordinate of 0.005 corresponds 
to a monoclinic angle (3— 90.16°, that is found to be inde- 
pendent of the electric field. Although the (020) peak is 
very narrow, a small shoulder can be observed at positive 
L values (also present at 20 kV/cm, in the upper-right 
plot), which probably results from the crystal mosaic. 
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FIG. 3. (a) HKO plane in reciprocal space for monoclinic 
PZN-8%PT showing the two b domains at 90°, shaded and 
unshaded respectively, in which H and K are interchanged 
with respect to each other. The double circles represent the 
two a domains, illustrated in Fig. 3b. b) Scheme of the 
reciprocal unit cell of one of the h domains showing the two a 
domains, a and a , respectively. 



independent, in agreement with our high-energy x-ray 
results described above. The markedly different widths 
of these two peaks led Durbin et al. to postulate the 
coexistence of two phases (monoclinic and tetragonal) at 
E= kV/cm, with very different domain sizes. However, 
since the broadening of the (hOO) peaks was not observed 
with high energy x-rays, it can be attributed to a "skin" 
effect. 

Powder diffraction data collected from a sample pre- 
pared by crushing a small crystal piece after the appli- 
cation and removal of an electric field have confirmed 
that the monoclinic indexing of our single crystal exper- 
iments is correct. Lattice parameters am= Cm= 4.061 A, 
6m= 4.030 A, and /?= 90.15° were extracted, in complete 
agreement with the single crystal data. In this case, how- 
ever, the monoclinic phase was found to coexist with a 
rhombohedral phase with ar= 4.054 A, and a = 89.9° 
(see Table I). 
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The low energy experiments at 18 keV essentially re- 
produce the results obtained by Durbin et al. cite- 
Durbinl,Durbin2. The c„j lattice parameter along the 
field direction [001] exhibits the same strongly non-linear 
field dependence illustrated in Fig. 2. Measurements 
made with the scattering vector perpendicular to the field 
direction after the field was removed, show the same char- 
acteristic diffraction features as recently reported protect 
||12| , namely, a very broad peak on the low-angle side and 
a very sharp peak on the high-angle side, correspond- 
ing to H= 2.000 and K= 2.015, respectively The broad 
peak changes with field while the sharp peak is field- 



FIG. 4. Radial (L) scans over the (002) reflection at 20 
kV/cm and at kV/cm, after the field is removed (top left). 
The transverse (L) scan around (0, 2.015, 0) at 20 kV/cm is 
shown at the upper-right plot. At the bottom of the figure, 
an HOL mesh scan around the (200) Bragg reflection after the 
removal of the electric field. H= K= L= 2.0 have been defined 
to correspond to the am value at E= kV/cm. 

Comparison of our experimental results with the the- 
oretical model of Fu and Cohen |]I| brings out several 
interesting features. These authors calculated the free 
energies along the polarization rotation paths between 
the rhombohedral R and tetragonal T points for BaTiOs 



(see Fig. 1), and concluded that the R-T path (a-g-f-e) is 
the most energetically-favorable one. PZN-8%PT starts 
out at the R point in Fig. 1, since the as-grown crystal is 
rhombohedral, but then changes irreversibly to the 0-T 
path (c-d-e), with monoclinic symmetry. As mentioned 
above, this process of change between the rhombohedral 
and the monoclinic phases (dashed arrow in Fig. 1) is 
being studied elsewhere in detail ||l^. When the field is 
decreased, the crystal remains on the 0-T path. During 
this process a„j and Cm gradually approach each other un- 
til they eventually reach the same value at E= kV/cm 
Q . When the field is increased, am approaches bm (see 
Fig. 2), while following the 0-T path, approaching the T 
point in Fig. 1. The polarization of each domain ro- 
tates within the (010) plane, and the polarization direc- 
tion gets closer to the tetragonal polar axis, [001], as the 
field is increased, as shown by the solid arrows in Fig. 
1. However, the T point is not yet reached at the max- 
imum electric fields (E= 20 kV/cm) used in the present 
study. Work is being carried out on other compositions, 
such as PZN-4.5%PT and PZN-9%PT, to determine the 
compositional range in which this behavior is observed. 
The major remaining question is why and how the sud- 
den change at 15 kV/cm is reflected only in Cm- The 
jump observed in Cm is very sensitive to the mechanical 
stress and can be completely eliminated if the sample is 
slightly stressed [0 . Work is in progress to address this 
point. 

The electric field experiments reported by Guo et al. 
lH, on rhombohedral PZT showed that, by poling at 
high temperatures, a monoclinic phase is also induced 
by the electric field and retained after the field is re- 
moved. This monoclinic cell is such that bm lies along 
pseudo-cubic [110] [0, indicating that the polarization 
moves along the R-T (e-g-f-e) path when the field is ap- 
plied. On the other hand, unpoled PZT has a monoclinic 
phase region from x= 0.46 to x= 0.52 at 20K §^. The 
existence of an irreversible rhombohedral-to-monoclinic 
phase transition induced by the application of an electric 
field in PZN-8%PT, suggests that, as in the PZT case 
|g| , a rhombohedral-to-monoclinic phase boundary exists 
close to x=8% in the unpoled PZN-xPT phase diagram. 
This would clarify some of the apparent puzzles reported, 
such as the optical observation of symmetry lowering in 
PZN-9%PT |l|,|l|]. If the monocUnic phase is found to 
exist in unpoled PZN-9%PT, then the phase diagram of 
PZN-PT becomes almost identical to that of PZT. Our 
current results suggest that the near degeneracy between 
the two monoclinic paths (R-T and R-O-T) might be 
responsible for the larger piezoelectric response in PZN- 
xPT, compared with that of PZT, in which only rotation 
is allowed. We expect that first-principles calculations 
may well clarify some of these important questions. 

After submission of this letter, the very relevant work 
by D. Vanderbilt and M.H. Cohen [El| came to our atten- 
tion. By means of an eighth-order expansion of the De- 



vonshire theory, these authors were able to predict three 
different monoclinic phases. Two of these, M^ and Mc, 
correspond, respectively, to that previously observed in 
PZT and the one in PZN-8%PT described above. 
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